ABSTRACT Natural selection leaves its footprints on protein-coding sequences by modulating their silent and replacement evolutionary rates. In highly expressed genes in invertebrates, these footprints are seen in the higher codon usage bias and lower synonymous divergence. In mammals, the highly expressed genes have a shorter gene length in the genome and the breadth of expression is known to constrain the rate of protein evolution. Here we have examined how the rates of evolution of proteins encoded by the vertebrate genomes are modulated by the amount (intensity) of gene expression. To understand how natural selection operates on proteins that appear to have arisen in earlier and later phases of animal evolution, we have contrasted patterns of mouse proteins that have homologs in invertebrate and protist genomes (Precambrian genes) with those that do not have such detectable homologs (vertebrate-specific genes). We find that the intensity of gene expression relates inversely to the rate of protein sequence evolution on a genomic scale. The most highly expressed genes actually show the lowest total number of substitutions per polypeptide, consistent with cumulative effects of purifying selection on individual amino acid replacements. Precambrian genes exhibit a more pronounced difference in protein evolutionary rates (up to three times) between the genes with high and low expression levels as compared to the vertebrate-specific genes, which appears to be due to the narrower breadth of expression of the vertebratespecific genes. These results provide insights into the differential relationship and effect of the increasing complexity of animal body form on evolutionary rates of proteins.
N ATURAL selection acts on the molecular evolulutionary rate is low for broadly expressed genes in hution of protein and DNA sequences in many difmans (Duret and Mouchiroud 2000) . Similarly, a negferent ways. Selection on mutations that do not alter ative relationship between gene expression level and amino acids (synonymous substitutions) is evident in protein evolution has been reported for some eukaryothe codon usage bias, which enhances the translational tic genomes (Pal et al. 2001; Krylov et al. 2003) . This efficiency in invertebrates (Shields et al. 1988 ; Sharp is consistent with a general expectation of having larger and Li 1989; Powell and Moriyama 1997). The effect negative fitness effects of replacement changes in highly of selection exerted by the gene expression level is reexpressed genes. vealed by the negative relationship between transcript However, how the rate of protein sequence evolution abundance and protein length in yeast (Coghlan and in vertebrates and other animals is modulated by the Wolfe 2000; Akashi 2003). This relationship is less intensity of gene expression remains unknown. Furtherclear in invertebrates (see contrasting findings in Duret more, vertebrate genomes consist of a large number of and Mouchiroud 1999; Marais and Duret 2001; Casgenes with no discernible homology to genes from other tillo- Davis et al. 2002) . However, a negative relationanimal phyla; e.g., 22% of human genes have no homoship between peptide length and expression level has logs in invertebrates and lower eukaryotes (Lander et al. been observed in humans (Eisenberg and Levanon 2001) . Are there differences in patterns of the protein 2003; Urrutia and Hurst 2003) . This points to selecevolutionary rates of these putatively vertebrate-specific tion based on polypeptide length, in addition to the genes as compared to those that have descended from classic explanation of selection on individual amino acid our Precambrian animal ancestor? The answer to this sites to ensure protein function (Li 1997; Nei and Kumar question may provide insight into the mechanisms re-2000). Examination of the relationship of the rate of sponsible for evolution of animal complexity, because protein evolution and breadth (in terms of the number vertebrate-specific genes arose after the Cambrian exof tissues) of gene expression has revealed that the evoplosion that led to an immense increase in the morphological complexities of animal body forms (Valentine 1994; Ohno 1996) . et al. 1994) . Evolutionary divergence at the amino acid UniLib/). We chose these libraries because they contained level was estimated using the Poisson corrected, JTT, and the highest number of ESTs: 60,229 and 50,672, respectively. gamma distances ( Jones et al. 1992; Nei and Kumar 2000) ,
The BLASTN was used to match ESTs with their respective because the rate of evolution among sites for each protein is genes and the numbers of matches were counted. This count known to vary considerably (gamma distribution) and the was taken to represent the level of gene expression. ESTs with pattern of amino acid substitution is complex. For computing a length of 100 nucleotides or more, having at least 95% gamma distances, we estimated the shape parameter (describoverall identity, were considered a match. This criterion is ing rate variation among sites) using a maximum-likelihood considered to be stringent enough to distinguish the genes approach (PAML; Yang 1995) for proteins for which the orbelonging to the conserved gene families. All analyses were thologous sequences from fruit fly, fugu, human, and mouse repeated by using a 99% identity score to match ESTs to genes; were available. We found that relative values and trends obthis reduced the number of genes but led to similar results. served for Poisson, JTT, and gamma distances were similar, For estimating the breadth of gene expression for EST data, whenever a comparison was possible. Therefore, for the sake we have used 23 mouse EST libraries belonging to 23 different of brevity we have presented only results from the Poisson tissues (blood, brain, colon, heart, hippocampus, kidney, liver, correction distances and because these distances have the lymph node, mammary gland, muscle, ovary, pancreas, retina, smallest variance. salivary gland, small intestine, spinal cord, skin, spleen, stomDetermination of orthology: Putative orthologous genes for ach, testis, thymus, tongue, and vein) and the number of tissue any species pair were identified using a local BLASTP search with BLOSUM62 substitution matrix (Altschul et al. 1990) .
libraries in which a gene sequence had a significant match brate-specific genes evolve only 30% faster than highly expressed vertebrate-specific genes; this difference is six times smaller than that for the Precambrian genes RESULTS (Table 1) .
The observed difference does not appear to be caused Relationship of protein divergence with gene expresby significant differences in the average EST counts in sion intensity: Figure 2A shows the relationship of the each intensity category between the vertebrate-specific evolutionary divergence and gene expression intensity and Precambrian genes. In the Precambrian genes, the of Precambrian proteins for the mouse-fruit fly compariaverage human-mouse protein divergence for genes son when using the fruit fly embryonic EST library. The with Ն20 ESTs (0.038 Ϯ 0.007) is less than one-third scatter plot shows that the highly expressed genes almost always evolve slowly, but genes with low expression levels that for genes with 1 EST (0.117 Ϯ 0.006). In contrast, The number of genes is given in the parentheses and error bars indicate the standard error of the mean. The differences in the average protein divergences between the genes belonging to high and medium or medium and low expression levels are significant at the 1% level using the Mann-Whitney U-test (see also Table 1). vertebrate-specific genes show very similar values of averonly the slowest-evolving proteins. We retained only genes in which the protein divergence (using Poissonage protein divergence for these two cases (0.180 Ϯ 0.017 for genes with Ն20 ESTs and 0.213 Ϯ 0.006 for corrected distance) for human-mouse was Յ0.07 substitutions/site. At this divergence level, the maximum digenes with 1 EST). Furthermore, the range of the protein distances for vertebrate-specific and Precambrian vergence between the orthologous Precambrian genes (between chordate and arthropods) is generally not genes was also found to be the same for the humanmouse comparison (0.0-2.2), but with a greater proporexpected to exceed 0.7 substitutions/amino acid (which translates into Ͼ50% expected sequence identity), betion of vertebrate-specific genes evolving faster in each of the gene expression categories.
cause the primate-rodent divergence is considered to be Ͼ10 times younger than the chordate-arthropod diHomology determination and highly and lowly expressed genes: We designated vertebrate-specific genes as those vergence (see review in Hedges and Kumar 2003) . This divergence level is well within the limits of the high for which no discernible homologs were found using the BLAST searches in the invertebrate, yeast, and plant sensitivity for BLAST procedures, which are known to perform well even when the sequence divergence is genomes (see materials and methods). In this BLAST procedure, it is possible that the fast-evolving mouse 1.2 (or Ͼ30% sequence identity) substitutions per site (Brenner et al. 1998) . Among these slowest-evolving Precambrian genes were misclassified due to their lower sequence similarity with the distantly related genomes.
genes, 40% did not have orthologs in fruit fly, worm, yeast, plant, or bacterial genomes and therefore these If that is true, the procedure would spuriously produce the differences in trends observed for Precambrian and genes are unambiguously vertebrate-specific genes. Use of these slow-evolving Precambrian and vertebrate-spevertebrate-specific genes.
Therefore, we repeated all computations by using cific genes produced results that are identical with that a Totals of 6893, 4626, and 2233 genes were used for the mouse-human, mouse-fugu, and mouse fruit fly comparisons, respectively, using EST data and 3977, 2540, and 1298 genes, respectively, using microarray data.
b Difference in the average estimates of highly and medium expressed genes (or medium and lowly expressed genes) is not statistically significant at a 5% level using the Mann-Whitney U-test. Difference for other pairs of relevant expression-level comparisons are significant at a 5% level (two-tailed).
c All genes showing human-mouse distance Յ0.07 were included (2461 and 1592 genes using EST and microarray data, respectively). obtained using all the genes for the human-mouse com- (Table 1) . We also examined if elevated proportions of CpG dinucleotides, which mutate 7-10 times faster than parison (Table 1) . Similar results were obtained for mousefugu and mouse-fruit fly comparisons (data not shown).
other nucleotides (e.g., Bird 1980; Subramanian and Kumar 2003), might explain the difference between Therefore the trends observed in our study are unlikely to be due to methodological artifacts.
highly and lowly expressed proteins. Exclusion of CpG sites reduced the nonsynonymous divergence for genes Effect of mutation rate differences: Mutation rate may also influence the rate of protein evolution; for example, housewith high as well as low expression levels by an approximately equal amount (8%), showing that the proportion keeping genes are known to be clustered in G ϩ C-rich regions (Lercher et al. 2002) , which are associated with of hypermutable CpG sites is not significantly different in the nonsynonymous sites of the genes with large higher mutation rates (Hardison et al. 2003; Subramanian and Kumar 2003) . Therefore, we investigated differences in expression intensities.
Effect of the size of multigene families:
Stronger selective the effect of mutation rate on the protein evolution of genes with high and low expression levels. Our analysis constraints could be due to lower genetic redundancy (smaller size of the multigene family) of highly expressed using Precambrian genes for the human-mouse comparison shows only a 10% difference in the synonymous genes compared to genes with low expression level. To examine the overall affect of this attribute, we compared divergence (computed using Tamura-Nei correction for fourfold-degenerate sites) between genes that are highly patterns in singletons (1161 genes) with those belonging to multigene families with more than five members expressed (0.47 base substitutions/site) and those with low expression (0.53 base substitutions/site). There-(1028 genes). We found that genes belonging to large multigene families (more than five members) show a fore, the synonymous rate difference is much smaller than an ‫%051ف‬ difference in the protein divergence significantly lower divergence compared to those ob-served for singletons for the human-mouse comparison (0.08 and 0.11, respectively). However, the negative relationship between the expression level and protein evolutionary rate holds true, as there was a greater than twotimes difference in average protein divergence between genes with high and low expression levels for singletons (0.045 Ϯ 0.009 vs. 0.113 Ϯ 0.003) and genes in multigene families (0.030 Ϯ 0.006 vs. 0.083 Ϯ 0.003). Effect of alternative splicing: Nonsynonymous divergence of constitutively expressed exons of alternatively spliced genes has been found to be significantly higher than that of the alternatively spliced exons of the same genes (Iida and Akashi 2000). Therefore we analyzed a subset of Precambrian genes, which are not known to have any alternative splice variant (1651 genes). The lowly (0.096 Ϯ 0.002) all Precambrian genes for the mouse-human comparison (0.063; Table 1 ).
Effect of energy requirements for amino acid synthesis: Selecfour to nine times more amino acid replacements than the highly expressed Precambrian genes ( Table 1) . The tion for less costly amino acids, such that lower energy will be required for amino acid synthesis, has been obvertebrate-specific genes show only one-half the difference between the high-and low-expression categories. served in the highly expressed proteins of bacteria (Akashi and Gojobori 2002). To examine whether this Interestingly, the difference between the high-and medium-expression categories is very small for vertebratephenomenon affects our inference, we estimated this cost as the average number of high-energy phosphate specific genes and in fact is not statistically significant. As stated, the above results suggest that protein evolubonds required to synthesize each amino acid for each protein following Akashi and Gojobori (2002) but for tionary rates and peptide lengths are modulated by gene expression intensity. However, it is possible that the rate the mouse proteins used. We did not see a significant difference in the average costs for proteins of highly of protein evolution and peptide length are themselves correlated and are independent of gene expression in-(23.5 Ϯ 0.09) and lowly (23.48 Ϯ 0.02) expressed genes. Therefore, differences in this type of energy requiretensity. To reduce such correlations, we divided proteins into three groups of equal sample size on the basis of ment will not create the patterns reported here.
Relationship of protein length with the expression intentheir length (325 amino acids, 542 amino acids, and Ͼ542 amino acids) for the mouse-fruit fly comparison. sity: A significant correlation exists between the length of the protein sequence and the gene expression levels Analyses from each data set suggested that the rate of protein evolution still has a negative relationship with (Table 1) . The average peptide length of the lowly expressed genes is ‫2.2ف‬ times longer than that of the gene expression level (Figure 3 ). This result implies that gene expression intensity is an important factor in proteins with high expression levels in the Precambrian genes (human-mouse alignments). In contrast, verteshaping the protein evolutionary rate as well as peptide length. Furthermore, the observed negative relationship brate-specific proteins show only a 1.5 times difference between proteins encoded by genes with low and high between expression intensity and intron size extends this effect to the genomic sequence level (Castillo-Davis et expression levels. This result is obtained by computing the sequence length using only the aligned common al. 2002) and suggests that this shortening process acts not only on proteins but also on the whole genomic sites (excluding indels), but it is similar when the entire length of the protein is used (data not shown). Use of transcript. Shortening of introns reduces the cost of transcription, whereas shortening of peptides reduces the fugu-mouse and fruit fly-mouse alignments yields similar results (Table 1 ). These observations establish the cost of translation. the ancestral nature of the negative relationship between peptide length and expression intensity level, which was DISCUSSION previously observed in the human genome (Urrutia and Hurst 2003) .
There is a strong negative relationship between gene expression intensity and protein evolution rate for the Shorter peptide lengths and lower evolutionary divergences predict fewer total amino acid replacements per Precambrian, whether we use the mouse or the fruit fly embryonic EST libraries. The similarity of the influence polypeptide in the highly expressed genes. This is indeed the case, as genes with low expression levels show of natural selection on patterns of protein evolution rates appears to be due in part to the significant correlation (R ϭ 0.29; P Ͻ 0.01) between relative gene expression intensity in the early embryonic stages of the vertebrate (mouse) and arthropod (fruit fly) embryos. The high correlation, and thus conservation, of the relative expression levels of homologous genes of human and mouse is already known (Su et al. 2002) . Our results suggest that the relative expression levels of the homologous genes descended from the Precambrian genome also are significantly conserved, at least at the early embryonic stages.
There also is an inverse relationship between the expression intensity and the number of amino acid substitutions per protein. This is to be expected because the number of amino acid substitutions per peptide combines the effects of natural selection on protein evolution rate and on peptide length. When nonsynonymous substitutions severely affect the fitness of the organism, having a shorter protein reduces the total probability of the random occurrence of at least one replacement mutation. Therefore, shorter proteins will experience fewer mutations with significant negative fitness.
However, compared with the highly expressed genes, genes with low EST counts show a much larger variation in protein divergence, suggesting that not all the genes with a low expression level evolve fast or receive a larger number of total substitutions per protein (Figure 2, A and B) . Genes involved in functions such as gene regulation, ligand binding, and carriers are required only in small quantities (lowly expressed), but they are solely determined or predictable on the basis of gene brate-specific genes, the difference between the breadth of expression intensity. It does, however, appear that the expression for genes belonging to high and medium expression levels is not significant at a 5% level. (B) The relationship slow rate of evolution for highly expressed genes cannot of the level of expression (oligo-nucleotide array data) and be solely attributed to structural and functional conprotein divergence for 392 Precambrian human-mouse genes straints on individual amino acids, independent of the that are found to be expressed in all 45 mouse tissues. The gene expression intensity. This is because these strucdifferences in the average protein divergences between the tural/functional constraints also cannot explain the genes belonging to high and medium or medium and low expression levels are significant at the 1% level using the shorter intron lengths for highly expressed genes (Cas-
tillo- Davis et al. 2002) . Therefore, in addition to structural/functional constraints, there are many other genomic, gene, and protein sequence level components to mous substitutions in human and mouse genes has been the overall intensity of natural selection. On the basis reported (Duret and Mouchiroud 2000) . Therefore, of the observed correlation between expression intensity we estimated the average breadth of expression for genes and evolutionary rate, expression intensity appears to in high-, medium-, and low-intensity levels using 23 be one of the major components.
mouse tissue-specific EST libraries. Both Precambrian Could the result from gene expression intensity be as well as vertebrate-specific genes show a positive relaexplained by the fact that genes are broadly expressed? tionship ( Figure 4A ), which confirms the finding that Or vice versa? This is proposed because the negative the level and breadth of expression are highly correlated relationship between the breadth of gene expression (with respect to the number of tissues) and nonsynony- (Lercher et al. 2002) . Therefore, genes expressed highly in the embryos are also broadly expressed in the adult selection on genes that have originated at different times in animal evolution. Therefore, when studying organism. This could mean that the observed constraint on protein evolution could be explained by either the the relationships between molecular evolutionary rates and gene expression attributes, it is likely to be useful breadth or level of expression or by a combination of both. We conducted a multiple regression analysis using to consider the major transitions in animal evolutionary the EST data for the human-mouse comparison and history. found that the expression intensity has a highly signifiWe thank Michael Rosenberg and Araxi Urrutia for helpful discuscant influence on the protein divergence (P Ͻ 10
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In conclusion, our approach of contrasting and com- the relative importance of various sources of purifying
